The role of root temperature T R in regulating the wateruptake capability of rice roots and the possible relationship with aquaporins were investigated. The root hydraulic conductivity Lp r decreased with decreasing T R in a measured temperature range between 108C and 358C. A single break point (T RC^1 58C) was detected in the Arrhenius plot for steady-state Lp r . The temperature dependency of Lp r represented by activation energy was low (28 kJ mol -1 ) above T RC , but the value is slightly higher than that for the water viscosity. Addition of an aquaporin inhibitor, HgCl 2 , into root medium reduced osmotic exudation by 97% at 258C, signifying that aquaporins play a major role in regulating water uptake. Below T RC , Lp r declined precipitously with decreasing T R (E a^2 04 kJ mol -1 ). When T R is higher than T RC , the transient time for reaching the steady-state of Lp r after the immediate change in T R (from 258C) was estimated as 10 min, while it was prolonged up to 2-3 h when T R _ T RC . The Lp r was completely recovered to the initial levels when T R was returned back to 258C. Immunoblot analysis using specific antibodies for the major aquaporin members of PIPs and TIPs in rice roots revealed that there were no significant changes in the abundance of aquaporins during 5 h of low temperature treatment. Considering this result and the significant inhibition of water-uptake by the aquaporin inhibitor, we hypothesize that the decrease in Lp r when T R _ T RC was regulated by the activity of aquaporins rather than their abundance.
The role of root temperature T R in regulating the wateruptake capability of rice roots and the possible relationship with aquaporins were investigated. The root hydraulic conductivity Lp r decreased with decreasing T R in a measured temperature range between 108C and 358C. A single break point (T RC^1 58C) was detected in the Arrhenius plot for steady-state Lp r . The temperature dependency of Lp r represented by activation energy was low (28 kJ mol -1 ) above T RC , but the value is slightly higher than that for the water viscosity. Addition of an aquaporin inhibitor, HgCl 2 , into root medium reduced osmotic exudation by 97% at 258C, signifying that aquaporins play a major role in regulating water uptake. Below T RC , Lp r declined precipitously with decreasing T R (E a^2 04 kJ mol -1 ). When T R is higher than T RC , the transient time for reaching the steady-state of Lp r after the immediate change in T R (from 258C) was estimated as 10 min, while it was prolonged up to 2-3 h when T R _ T RC . The Lp r was completely recovered to the initial levels when T R was returned back to 258C. Immunoblot analysis using specific antibodies for the major aquaporin members of PIPs and TIPs in rice roots revealed that there were no significant changes in the abundance of aquaporins during 5 h of low temperature treatment. Considering this result and the significant inhibition of water-uptake by the aquaporin inhibitor, we hypothesize that the decrease in Lp r when
Introduction
Rice plants are susceptible to chilling stresses, and temperature conditions limit rice growth and production in cool temperate regions (Nishiyama 1985) . Low temperature influences crop establishment, vegetative growth, spikelet fertility and thus the resulting yield. It has been shown that low soil temperature inhibits water-uptake by roots (reviewed by Kramer and Boyer 1995) . Since the root system is one of the major regulatory sites for water movement through whole plants, a decrease in hydraulic conductivity (Lp r ) affects plant water status, stomatal conductance, photosynthesis, growth and hence productivity. In rice, leaves roll or dry out by the low root temperature (LRT), because LRT causes dehydration stress even when the soil is abundant in water.
Quantitative relationships between root temperature (T R ) and Lp r have been reported for various plant species such as soybean (Markhart et al. 1979) , broccoli (Markhart et al. 1979) , cucumber, figleaf gourd (Lee et al. 2004b) , rye (Clarkson 1976) , barley (Clarkson 1976 ) and aspen (Wan et al. 2001) . These reports indicate that quantitative changes of Lp r in response to changes in T R vary with the plant species. However, detailed information regarding the temperature dependency of rice Lp r is still lacking.
Although the LRT-induced water uptake inhibition has been recognized for a long time (reviewed by Kramer and Boyer 1995) , information about the physiological and biochemical mechanisms remains elusive. It has been suggested that the reduction of root water uptake under 5 These authors contributed equally to this work. *Corresponding author: E-mail, murai@affrc.go.jp; Fax, low temperature is related to the water permeability of cellular membranes (Kuiper 1964 , Markhart et al. 1979 , Kramer and Boyer 1995 . Discovery of aquaporins in 1990s revealed that the water channel aquaporins play crucial roles on plant-water relations (Tyerman et al. 2002 , Maurel 1997 . Recently, aquaporins are suggested to be involved in the LRT-induced water-uptake inhibition (Wan et al. 2001 , Lee et al. 2004a , 2004b , 2005a , 2005b , Aroca et al. 2005 , Yu et al. 2006 .
Aquaporins facilitate the movement of water and other small solutes across cellular membranes , Maurel 2007 , Katsuhara et al. 2008 . In higher plants, aquaporins are classified into four subfamilies: plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin26-like intrinsic proteins (NIPs), and small and basic intrinsic proteins (SIPs). Sakurai et al. (2005) identified 33 rice aquaporin genes (OsPIPs, OsTIPs, OsSIPs and OsNIPs) from the genome sequence, and characterized the organ specificity and expression patterns as well as water transport activities for several aquaporins. We consider that the following aquaporins are candidates of crucial aquaporins for water uptake by rice roots: OsPIP1;1, OsPIP1;2, OsPIP1;3, OsPIP2;1, OsPIP2;2, OsPIP2;3, OsPIP2;4, OsPIP2;5 and OsPIP2;6. The expression levels of these aquaporin genes in rice roots markedly decreased after a low temperature treatment at 48C for 3 d, except OsPIP1;3 which increased during the treatment (Sakurai et al. 2005) . Similar results were reported in other varieties of rice (Li et al. 2000 , Yu et al. 2006 ) and also in maize (Aroca et al. 2005) . However, the mRNA levels of aquaporins were not always consistent with the protein levels as indicated in radish (Suga et al. 2002) and maize (Aroca et al. 2005) . For Arabidopsis, decrease in the abundance of PIP proteins in roots has been reported as early as 30 min after salt exposure (Boursiac et al. 2005) . In addition to these quantitative changes, it has been suggested that aquaporin activity is inhibited under low temperature (Lee et al. 2004a (Lee et al. , 2004b (Lee et al. , 2005a (Lee et al. , 2005b . Recent studies revealed that water transport activity of aquaporins was regulated through the gating mechanism, such as phosphorylation of specific serine residues (To¨rnroth-Horsefield et al. 2006 ) and/or protonation of a specific histidine residue (Tournaire-Roux et al. 2003) . Hence, it is necessary to determine whether the changes in abundance or the activities of aquaporins are actually responsible for the LRT-induced decrease in Lp r .
Taken together, in the present study, we characterized the effect of T R on rice Lp r . We found that Lp r declined precipitously below a critical temperature at 158C. In addition, we observed two distinct responses of Lp r after immediate changes in root temperature, namely the fastand the slow-responses. Slow-response was observed only when the roots were cooled down below the critical temperature. Furthermore, we determined the abundance of major aquaporins in roots and investigated the effect of aquaporin inhibitors to examine whether changes in the quantity of aquaporins or their activities are responsible for the significant reduction in the Lp r .
Results

Effect of root temperature on hydraulic conductivity of roots
Effect of T R on the volumetric xylem sap flow from excised seminal root (V) was investigated by using temperature-controlled pressure chambers (Fig. 1) . Figure 2 is a typical example showing the relationships between V and ÁP before and after the roots were exposed to low temperature. In this example, V was measured first at T R ¼ 258C, then T R was lowered immediately to 108C and finally reverted back to 258C. Linear relationships between V and ÁP, intercepting at the origin, were observed at T R ¼ 258C (Fig. 2 , data no. 1-3). On the other hand, this relationship did not hold when T R ¼ 108C (Fig. 2 , data no. 4-13) due to the transient reduction in V after immediate root cooling. The new linear relationship between V and ÁP was then established after 2-3 h of root cooling (Fig. 2 , data no. 14-19). When the T R was returned back to 258C, the V-ÁP relationship recovered completely to its original state (Fig. 2, . Temperature of the root medium was monitored by using thermocouples. By using silicone seals, the root base was sealed to the pressure chamber. Xylem sap was collected in a microcapillary tube and the volume was measured.
Hydraulic conductivity and aquaporins in rice
As described in Materials and Methods, hydraulic conductivity of root (Lp r ) was calculated from the equation,
in which J v (¼V/A r , A r : root surface area) is the volumetric xylem sap flow per unit root surface area (expressed in m 3 m -2 s -1 ). In Figure 3 , Lp r values for the individual root were plotted against root surface area A r for data at 258C. It was found that the Lp r levels were independent on A r , and the calculations show that V was proportional to A r for these roots. The Lp r measured at a control temperature of 258C (24.5-25.58C) was 20.6 AE 1. 6 Â 10 -8 m s -1 MPa -1 (mean AE SD, n ¼ 12).
In order to investigate the dependence of Lp r on T R , we determined the changes in Lp r during cooling or warming of roots. The Lp r was quickly decreased and reached the stable value within 10 min when the T R was shifted from 258C to 158C (Fig. 4A) . The quick response was also observed in a shift to 358C, although the Lp r was increased (Fig. 4B) . By contrast, the Lp r was slowly decreased when the T R was shifted to 128C or 108C. In these cases it took 2-3 h to reach the stable Lp r values. We named these quick and slow changes 'fast-response' and 'slow-response', respectively. Slow-response was observed only when the roots were cooled down below a critical temperature of T RC ¼ 158C (Fig. 4) .
The decreased Lp r under low temperatures at 108C or 128C was recovered to the original value within about 1 h, when the roots were immediately re-warmed at 258C, ( Fig. 4D, F ; also compare with Fig. 4C, E) . These results clearly suggest that the root temperature is a critical factor affecting the root hydraulic conductivity in a time dependent manner. ). Temperature dependency of water viscosity () was also plotted in the same graph as a reference which indicates the effect of viscosity on mass flow of water. In the Arrhenius plot of Lp r , a single break point (T RC ) was detected at 158C (Fig. 5) . The temperature coefficient of Lp r s was slightly larger than that of water viscosity for T R 4T RC . In contrast, it was much steeper than that of water viscosity for T R 5T RC . Thus, the effect of the water viscosity is not enough to account for the decrease in rice Lp r in this temperature range from 108C to 358C. The temperature dependency of Lp r s can be represented by activation energy E a , which corresponds to the slopes in the Arrhenius plots; i.e.:
where R is gas constant (8.31 J mol ) above and below the break point, respectively.
The transient values of Lp r (when T R 5T RC ), which were measured 10 min after the immediate change in T R , were also plotted in Figure 5 . The data scattered around the regression line for steady-state Lp r at T R 4T RC . These results confirm the presence of two distinct (fast and slow) responses of Lp r after the immediate change in T R from 258C for T R 5T RC (Fig. 4) . Lp r values at 10 min after the T R was changed from 258C, and these values for T R 5158C are plotted in Figure 5 as open triangles.
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For further investigation, then we evaluated the effects of the aquaporin activities on osmotic water uptake by rice roots.
Effect of HgCl 2 and root cooling on osmotic water uptake by rice roots
In order to investigate whether aquaporins play a major role in regulating water-uptake in rice roots, an authentic aquaporin inhibitor HgCl 2 was added into a hydroponic solution. The HgCl 2 (final concentration of 0.1 mM) was added into a hydroponic solution of the rice roots. The osmotic exudation from the HgCl 2 -treated roots decreased by 97% compared to that from untreated roots (Fig. 6 ). In HgCl 2 -treated plants, root cooling at 108C also resulted in marked reduction of osmotic exudation to a similar extent (Fig. 6 ).
Effect of low root temperature on aquaporin abundance
To investigate whether aquaporin abundance was correlated with the kinetics of Lp r observed during root cooling (Fig. 4) , immunoblot analysis was carried out. We used following antibodies: anti-OsPIP1s, anti-OsPIP2;1, anti-OsPIP2;3, anti-OsPIP2;5 and anti-OsTIP2;1 (Sakurai et al. 2008) . We also used an antibody against RsTIP1;1 (Suga and Maeshima 2004), which recognizes OsTIP1;1 aquaporin (Sakurai et al. 2008 ). In addition, two isoformspecific antibodies (anti-OsPIP1;3 and anti-OsTIP2;2N) were newly raised for the present study. To raise these antibodies, we selected sequences in the N-termini, as indicated in Materials and Methods, which showed low sequence similarities to other rice aquaporin members. The binding specificities of these antibodies were examined against recombinant aquaporin proteins expressed in yeast cells. The antibodies reacted with the corresponding aquaporin individually and did not cross react with close homologues of the target aquaporin (Fig. 7) .
Levels of all the OsPIP and OsTIP proteins were almost constant in root tissues over the period of 5 h after the root cooling at 108C was started (Fig. 8) . This does not correlate with abrupt decrease in the Lp r within 2-3 h (Fig. 4E ). This finding clearly suggests that the abundance of aquaporin proteins do not account for the abrupt depression of Lp r by low temperature treatments. Considering this result and the significant inhibition of wateruptake by the aquaporin inhibitor, we can hypothesize that the decrease in Lp r when T R 5 T RC was regulated by the activity of aquaporins rather than their abundance.
Discussion
The present study characterized the effect of root temperature T R on the ability of the rice roots to uptake , at 258C) was in a range similar to others reported plants such as cucumber (Lee et al. 2005a ) and figleaf gourd (Lee et al. 2005a ), but interestingly higher than those reported in rice (3 to 7 Â 10 -8 m s -1 MPa -1 ) by Miyamoto et al. (2001) and Ranathunge et al. (2003) . The difference of growth stage of the study materials (we used younger plants than those of these authors) may explain the observed difference.
The rice Lp r decreased with decreasing T R in a measured temperature range between 108C and 358C. A single break point (T RC ¼ 158C) was detected in the Arrhenius plot for Lp r s . The Lp r s declined precipitously below the critical temperature (Fig. 5) . Such break points were observed in Phaseolus vulgaris (Kuiper 1964) , lettuce (Kuiper 1964) , rye (Clarkson 1976) , barley (Clarkson 1976) and soybean (Markhart et al. 1979) , whereas no break point was detected in broccoli (Markhart et al. 1979) , cucumber (Lee et al. 2005a ), figleaf gourd (Lee et al. 2005a) , tomato (Bloom et al. 2004) , aspen (Wan et al. 2001) etc. for entire temperature ranges studied (Table 1) . It has been reported in several plant species that T RC is different between warmand cold-grown plants (Kuiper 1964 , Clarkson 1976 , Markhart et al. 1979 ; see Table 1 ). At present, in rice, it is still unclear whether the growth conditions affect T RC or not.
In the present study, we detected two distinct responses of Lp r in rice after immediate changes in T R , namely the fast-and the slow-responses (Fig. 4) . The fast-response was detected in all the measured range in root temperature between 108C and 358C, while the slow response was observed only when the roots were cooled down below the critical temperature T RC ¼ 158C. Prior to our observation, Kuiper (1964) reported similar two types of responses in water uptake of intact P. vulgaris plants using a potometer, although the transient time periods for the initial fast response have been reported to be longer (15-30 min) than that for rice (within 10 min). Kuiper (1964) explained the initial fast change in the water uptake by the effect of water viscosity as limiting water flow through 'permanent waterfilled pores' in the cell membranes, and hypothesized that the subsequent slow response was the effect of the water permeability of lipid bilayer (Kuiper 1964) .
We discuss the physiological mechanism of both the responses by examining the temperature dependency of Lp r s observed in the present study. The temperature dependency of the fast-response can be represented by the activation energy E a of Lp r s for T R 4 T RC (¼158C). The value of E a (¼28 kJ mol -1 ) for T R 4T RC was higher than that for water viscosity (Fig. 5) , even though that reported in other plant species by some previous studies was nearly equal to that of water viscosity (Kuiper 1964 , Markhart et al. 1979 . Therefore, water transport through the rice roots for T R 4T RC cannot be fully explained by the behavior of mass flow of water. On the other hand, this temperature Effect of low root temperature at 108C on the abundance of aquaporin proteins. Roots of the rice seedlings were exposed to low temperature at 108C for 0 to 5 h while the shoot temperature was kept at 258C. Microsomal membranes were prepared from the roots and were subjected to SDS-PAGE and subsequent immunoblotting with antibodies to OsPIP1s (A), OsPIP1;3 (B), OsPIP2;1 (C), OsPIP2;3 (D), OsPIP2;5 (E), OsTIP1;1 (F), OsTIP2;1 (G) and OsTIP2;2N (H). The amounts of microsomal proteins subjected to the SDS-PAGE were 1. (Vieira et al. 1970 , Macey 1984 , Tsai et al. 1991 , van Os et al. 1994 . From these results, we can hypothesize that the activity of aquaporins is very high for T R 4T RC and that the temperature dependency of the fast-response is related to the behavior of water flow passing through the active aquaporins.
Below T RC (¼158C), the temperature dependency of Lp r s was large corresponding to the E a and Q 10 values of 204 kJ mol -1 and 21, respectively. These E a and Q 10 values rank among the highest reported so far for plant roots (Table 1) . Since this large temperature dependency of Lp r s is directly related to the slow-response, we can hypothesize that the significant decrease in the active aquaporins occurs in rice roots for T R 5 T RC with the transient time of 2-3 h. According to our experimental results (Fig. 6 ), osmotic water uptake by rice roots at T R ¼ 258C was decreased to the level for T R ¼ 108C by a water channel blocker, HgCl 2 . Although we can not exclude completely the possibility that HgCl 2 inhibits not only water channel activity but also some of the root solute influx which drives osmotic exudation to some extent, the most possible explanation for the slowresponse is a decrease in aquaporin activity, namely closure of aquaporin gates below the critical temperature T RC .
Different regulatory mechanisms have been recognized for aquaporins, i.e. (i) changes in their abundance in the cell membrane and (ii) regulations of aquaporin activity. Since previous studies showed that aquaporin gene expression responds to low temperature (Li et al. 2000 , Sakurai et al. 2005 , Yu et al. 2006 ), we examined whether or not aquaporin abundance might explain the changes in Lp r , with immediate changes in T R . Kinetics of Lp r changes were compared with that of the aquaporin abundance immediately after roots were cooled from 25 to 108C. Immunoblot analysis using specific antibodies for the major aquaporin members of PIPs and TIPs in rice roots showed that abundance of all the aquaporin members examined did not decrease within 5 h after low temperature treatments (Fig. 8) . Since the Lp r decreased significantly within 2-3 h, there was no correlation between Lp r and abundances of the aquaporins (Fig. 4) . These results raise a possibility that aquaporin activity instead of its abundance regulate the LRT-induced Lp r decrease.
At present, the molecular mechanism of inhibition of aquaporin activity under LRT is not clear. Various factors affecting aquaporin activity have been postulated including phosphorylation, cytosolic pH, reactive oxygen species, etc. (reviewed by Chaumont et al. 2005 , Maurel 2007 ). Lee et al. (2004a) hypothesized that accumulation of hydrogen peroxide (H 2 O 2 ), which may be involved in the gating of aquaporins, mediates decrease in water transport in cucumber roots under low temperature. Aroca et al. (2005) investigated the effect of chilling (for 3 d at 58C) and exogeneous H 2 O 2 on the hydraulic conductance of both chilling-sensitive and -tolerant maize roots and suggested that the decrease in the hydraulic conductance during chilling in the sensitive genotype is due to oxidative damage of its root membranes.
Acidic cytoplasmic pH has been ascribed to inhibit aquaporin activity (Tournaire-Roux et al., 2003 , To¨rnroth-Horsefield et al. 2006 , Maurel 2007 . The gating mechanism of the inhibitory effect was explained by the protonation of a conserved histidine residue located on an extra-membrane loop of PIPs. Cytoplasmic acidification induced by low temperature has been reported in various plants (Yoshida 1994 , Murai and Yoshida 1998a , 1998b , Yoshida et al. 1999 . These studies have suggested that cold-induced cytoplasmic acidification is mediated by the inactivation of vacuolar H þ -ATPase, which is closely associated with chilling-sensitivity of the plants (Yoshida 1994 , Yoshida et al. 1999 . It is necessary to test the possibility that LRT-induced Lp r reduction is caused by cytoplasmic acidification in rice.
Aquaporin can also be activated by phosphorylation (Maurel et al. 1995 , Johansson et al. 1998 , To¨rnroth-Horsefield et al. 2006 , Maurel 2007 . Recent studies have suggested that temperature is one of the major factors to regulate aquaporin phosphorylation. Azad et al. (2004) reported that putative plasma-membrane aquaporin in tulip is dephosphorylated at low temperature during petal closing.
It is also possible that temperature reduction itself induces conformational alteration of the aquaporins. Furthermore, there is a possibility that a break of the Arrhenius plot is caused by the phase transition in membrane lipid, which might affect activity of aquaporins.
Further studies focusing on the regulation processes of aquaporin activity are in progress to understand the overall mechanisms of low temperature-induced reduction of water uptake by rice roots. The results obtained from the present study will contribute to solve this problem. For example, kinetic changes in the Lp r after root cooling/ warming as well as Arrhenius plots of Lp r s (characterized by E a and T RC ) can be used as a reference for finding other simultaneous changes in the roots, such as cytoplasmic pH, fluidity or transition temperature of membrane lipids.
Materials and Methods
Plant material
Rice seedlings (Oryza sativa L. cv. Akitakomachi) of 18-22 d old were used for all experiments in the present study.
Hydraulic conductivity and aquaporins in rice
Growth conditions for the plants used for Lp r measurements Seeds were treated with 1% sodium hypochlorite solution for 2 min for surface sterilization. The seeds were then germinated on wet filter papers in dark for 4 d at 258C. Thereafter, the 4-d-old seedlings were transferred to a hydroponic culture system. The hydroponic solution contains 10 ppm nitrogen (NH 4 NO 3 ), phosphorus (NaH 2 PO 4 ), potassium (K 2 SO 4 ), calcium (CaCl 2 ), magnesium (MgSO 4 ), 2 ppm iron (Fe(III)-EDTA) and 0.5 ppm manganese (MnCl 2 ) at pH 5.3. When a seminal root (primary root) elongates to a length of 4 cm, the surface of the hydroponic solution was lowered and was kept at a level of 1 cm from the root base. The distance between the water surface and the root base was increased by 1 cm a day during the following 5 d. This procedure avoids growth of crown roots, and makes the root base dry and hard. These precautions were necessary for the Lp r measurements using pressure chambers because root base had to be tightly attached with a silicon rubber (see below). The rice seedlings were grown in a laboratory ) and grown for 7 d until used for experiments.
Growth conditions for the plants used for measuring osmotic exudation and for immunoblot analysis
Seeds were germinated in the dark for 7 d at 258C and grown in a growth chamber under 12 h light/12 h dark (light period; 420-500 mmol s -1 m -2
) and with day/night temperatures set in 25/208C at a relative humidity of 75%. Plants were grown in hydroponic solution until use for experiments. The content of the culture solution was same as described above.
Measurement of exudated xylem sap in the presence of hydrostatic pressure gradients and determination of hydraulic conductivity of root Hydraulic conductivity of rice roots was measured at various temperatures ranging from 108C to 358C using self-customized pressure chambers. In order to maintain the root temperature at desired levels, a copper coil inside the chamber was connected to a circulating water bath. Immediate changes in the root temperature T R were enabled by transferring the roots between the temperature-controlled pressure chambers.
A shoot was carefully threaded through the central hole of a metal lid of the pressure chamber and the seminal root was then enclosed into the chamber to apply static pressure to the root medium. The seminal root base was sealed with a silicon rubber which was set in the hole of the lid.
Vertical temperature profile (3 points) of the root medium was monitored by using thermocouples, and was kept at desired temperatures. The vertical temperature variation was within AE0.28C, and the value of T R was evaluated by averaging the vertical 3-points data. Time-dependent stability of the temperature was also within AE0.28C for almost all experiments, except some experiments in which the long-term temperature variation was over AE0.28C.
In order to measure Lp r , the shoot was cut off with a razor blade at the root base. Thereafter, the pressure in the chamber was raised in step of 0.2 MPa up to 0.6 MPa above atmosphere. The exudated xylem sap was collected by using a micro-pipette (Drammond Scentific Company, cat. #2-000-001, 1-5 ml) for 30-180 s, in order to monitor rapid changes in the hydraulic conductivity.
First, the volumetric xylem sap flow V was measured at T R ¼ 258C to determine the reference value of Lp r . Next, the root was transferred into another pressure chamber in which temperature was kept at a target value (T R 6 ¼ 258C), and the volumetric xylem sap flow V was measured to determine the Lp r value under this conditions. Reversibility of the Lp r value at T R ¼ 258C was also checked by changing the root temperature back to 258C. In order to determine the temperature dependency of Lp r for 10 T R 358C, these procedures were made for various target temperatures using several plants.
Osmotic potentials of the root medium and exudated xylem sap were determined with isopiestic psychrometer (Boyer 1995 ), ÁP is applied pressure, is the reflection coefficient for nutrient salts in the xylem, and ÁÉ s is the difference in osmotic potential between the exudated xylem sap and the root medium (hydroponic solution).
The osmotic potentials of the exudation xylem sap collected from the pressurized roots and the root medium, which were measured by isopiestic psychrometers, were -0.01 AE 0.01 MPa (mean AE SD, n ¼ 10) and 0.01 AE 0.01 MPa (mean AE SD, n ¼ 33), respectively. Since the difference in osmotic potential between the root medium and the exudated xylem sap (ÁÉ s ) is quite small as compared with the applied pressure (ÁP ¼ 0.2-0.6 MPa), the osmotic term ÁÉ s in Eq.(2) was neglected for calculation of Lp r . Thus, Lp r was calculated from the equation,
Two kinds of Lp r were evaluated in this paper, namely, transient Lp r (Lp r t ) in Figure 4 and steady state Lp r (Lp r s ) in Figure 5 . Because of the quick changes in the J v , the Lp r t was determined as individual values of J v /ÁP at constant pressure for time periods of 30-180 s. On the other hand, Lp r s was measured under the conditions that J v reached steady state, i.e. 120-377 min after the T R has changed. The Lp r s was determined by regression line of J v versus ÁP (intercepting at the origin), where Lp r s was equal to the slope. It took 15-70 min for measuring Lp r s , and the value of T R for Lp r s was evaluated by averaging T R for during the measurement.
Effect of temperature on the hydraulic conductivity was expressed in terms of activation energies (E a ) in Arrhenius plots as in the previous studies on different plant species (Kuiper 1964 , Clarkson 1976 , Markhart et al. 1979 , Niemietz and Tyerman 1997 , Bloom et al. 2004 , Wan and Zwiazek 1999 , Lee et al. 2005a ).
Measurement of root surface area
After the measurements of volumetric xylem sap flow, the roots were removed from the pressure chamber and the diameters of individual primary and lateral root were determined under a microscope. Lengths of all the primary and lateral roots were measured by using the Image-J program (http://rsb.info.nih.gov/ij/) from the digital images of the roots, which were recorded with a digital camera Nikon (Tokyo, Japan) Coolpix 2500. Assuming a cylindrical shape of each root, the surface area was calculated from the length and diameter.
Evaluation of the effect of HgCl 2 and root cooling on osmotic exudation of rice roots HgCl 2 was added into the root medium (258C) at a final concentration of 0.1 mM (equivalent to about 0. ]. The root temperature was kept at 258C during the experiment. In the control experiment, the osmotic exudation was collected without the treatment of adding HgCl 2 .
Effect of root cooling on the osmotic exudation was also evaluated. The root temperature was changed from 258C to 108C, 60 min before the shoots were cut off. The osmotic exudation was collected in the same manner as described above.
Preparation on microsomal fraction
Roots were harvested from the apical half of the roots, and the tissues were frozen in liquid nitrogen and ground in a mortar and pestle. The frozen powder was homogenized with three volumes of a homogenizing medium that contained 50 mM Trisacetate (pH 7.5), 0.25 M sorbitol, 2 mM EGTA (ethylene glycol Bis (b-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid), 10 mM APMSF (p-amidinophenyl methanesulfonyl fluoride hydrochloride), 1% (w/v) polyvinylpyrrolidone (PVP-40; Sigma-Aldrich, St Louis, MO, USA), 2 mM dithiothreitol, 10 mM potassium fluoride and 5 mM sodium metavanadate. The homogenate was centrifuged at 2,500Âg for 5 min, and the supernatant was centrifuged at 10,000g for 15 min. Then the supernatant was centrifuged at 150,000Âg for 30 min, and the precipitate was washed with stock buffer (50 mM Tris-acetate pH 7.5, 2 mM EGTA, 10 mM APMSF, 2 mM dithiothreitol) by centrifuging again at 150,000g for 30 min. Thereafter, the precipitate was suspended in the stock buffer, and was used as the crude microsomal membranes.
Expressions of rice aquaporins in yeast
Each rice aquaporin protein was expressed using a yeast heterologous expression system (Tanaka et al. 1990 , Sakurai et al. 2008 . Each protein was expressed as fusion proteins with a myc epitope at the N-termini. The crude membrane fraction containing each aquaporin protein was prepared by a method as described previously (Nakanishi et al. 2001 ) and they were subjected to immunoblotting with each aquaporin antibody.
Immunoblot analysis
Antibodies to OsPIP1s, OsPIP2;1, OsPIP2;3, OsPIP2;5 and OsTIP2;1 were raised as described in Sakurai et al. (2008) . The anti-OsPIP1s antibody recognizes OsPIP1;1, OsPIP1;2 and OsPIP1;3 (Sakurai et al. 2008) . Anti-RsTIP1;1 antibody was raised against an authentic peptide (INQNGHEQLPTTDY) of radish TIP1;1 (RsTIP1;1) (Suga and Maeshima 2004) . The antiRsTIP1;1 antibody mainly recognizes OsTIP1;1 in the rice (Sakurai et al. 2008) . Anti-OsPIP1;3 and anti-OsTIP2;2N antibodies were raised against a peptide (GAEEKDYREPPAA PVFEVEE) and a peptide (MSGNIAFGRFDDSF), respectively. The peptides were coupled to keyhole limpet hemocyanin (KLH) and the resulting conjugates were injected into rabbits. SDS-PAGE was carried out in 12.5% polyacrylamide gels. The proteins were previously denatured at 608C for 10 min. For immunoblotting, proteins in gels were transferred to a transfer membrane (Immobilon-P; Millipore, Billerica, MA, USA) with a semidry blotting apparatus during 40 min at 15 V. The membrane was treated for blocking with 4% (w/v) skim milk in Tris-bufferedsaline (TBS) for 1 h at room temperature. Thereafter, the membrane was treated with the aquaporin antibody with a concentration of 1/1000. Horseradish-peroxidase-linked Protein-A (cat. #NA9120V; GE Healthcare Bio-Sciences, Piscataway, NJ, USA) was used for detecting the antibody at a dilution ratio of 1/2000. The signal was visualized with chemiluminescent reagents (Western blotting detection reagents, cat. #1059243 and #1059250, GE Healthcare).
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